ABSTRACT: Electrical stimulation (ES) of bovine carcasses is usually done to increase tenderness and has been hypothesized to increase the activity of proteolytic enzymes that may degrade structural proteins in muscle cells and cause fractures and breaks in muscle fibers, thus enhancing meat tenderness. Our objective was to compare postmortem (PM) changes in the muscle proteins, titin, nebulin, aactinin, desmin, and troponin-T and in myofibrillar structure in nonstimulated ( N S ) and ES bovine skeletal muscle. One side of eight beef carcasses was stimulated within 1 h of death, and the other side was the NS control. Myofibrils for SDS-PAGE and samples for transmission electron microscopy were prepared from the longissimus muscle at 0, 1, 3, 7, 14, and 28 d PM. In SDS-PAGE, titin migrated as three bands in both NS and ES 0-d samples. The slowest migrating band, T1 (intact titin), decreased slightly faster in ES samples from five animals. The fastest migrating band, T2 (degraded titin), increased in amount through 3 d and was still present at 28 d. A titin monoclonal antibody (mAb) identified a large family of degradation products that migrated faster than myosin heavy chains and that was more heavily labeled in Western blots of ES samples than in NS samples. In SDS-PAGE of NS samples, intact nebulin disappeared by 3 d in three animals, by 7 d in four animals, and by 14 d in one animal, but in ES samples the nebulin band was absent by 3 d in three animals and by 7 d in five animals. SDS-PAGE showed that the amount of intact desmin decreased slightly sooner in two ES samples and was absent earlier in one ES sample than in the corresponding NS control samples. Blots labeled with a polyclonal antibody to desmin showed that a more heavily labeled 38-kDa desmin degradation product was present in ES than in NS samples. Postmortem degradation of a-actinin was not detected. Contraction node ( C N ) formation, stretching of conjoined sarcomeres adjacent to the nodes, increased frequency of I-band fractures and accelerated appearance of wide I-band fractures adjacent to the Zline, and, in some animals, slightly accelerated degradation of titin, nebulin, and troponin-T were characteristics of ES muscle.
Introduction
Early postmortem ( PM) electrical stimulation ( ES) is usually used to increase meat tenderness and promotes the activity of some endogenous proteolytic enzymes, including m-calpain Smulders and van Laack, 1992; Uytterhaegen et al., 1992) . In myofibrils, titin is a very long filamentous protein that extends from the Z-line to the M-line and links thick filaments to the Z-line; nebulin comprises inextensible filaments that are closely associated with, or part of, thin filaments; a-actinin is an integral Zline protein; and desmin is the major component of intermediate filaments that associate with Z-lines (for reviews, see Robson et al., 1981 Robson et al., , 1991 Robson and Huiatt, 1983) . Degradation of some of these structural proteins has been implicated in the loss of myofibrillar integrity, thus, increasing meat tenderness (HuffLonergan et al., 1995; Taylor et al., 1995) . Robson et al. (1980) and Koohmaraie et al. (1986) , for example, suggested that PM meat tenderness may be attributed, in part, to desmin degradation. Uytterhaegen et al. (1992) reported that aging and(or) ES increased the degradation of titin and troponin-T but that ES had no effect on sarcomere length. We have shown by SDS-PAGE that troponin-T decreased more rapidly PM in ES than in nonstimulated ( NS) bovine muscle and by Western blots that the accumulation of the 30-kDa degradation product of troponin-T increased more rapidly in ES than in NS samples (Ho et al., 1994) . Electron microscopy studies have shown that ES caused the formation of contraction nodes ( CN) , and that sarcomeres in the internodal zones were stretched or fractured in bovine muscle (Takahashi et al., 1987) . Sarcomere shortening and both Zline and M-line degradation were characteristics of PM bovine skeletal muscle (Stromer et al., 1967 (Stromer et al., , 1974 . Changes in proteins that compose cytoskeletal filaments in muscle, or anchoring structures for these filaments, therefore may be very important in determining the properties of PM muscle.
The objectives of this study were 1 ) to investigate the extent of degradation of titin, nebulin, a-actinin, desmin, and troponin-T during PM storage of NS and ES bovine skeletal muscle by using SDS-PAGE and Western blots and 2 ) to compare the degradation of these proteins with structural changes in NS and ES samples by using transmission electron microscopy ( TEM) .
Materials and Methods

Sample Preparation
We used one line of crossbred steers (Angus × Jersey), which is different from most previous studies that have used typically heterogeneous feedlot cattle. Previous studies at Iowa State University (Reiling et al., 1991) have shown that cattle from this line are genetically predisposed to produce tender muscle. The left side of eight market-weight Angus × Jersey steers was electrically stimulated with 200 V, 20 Hz for 15 s for three stimulation periods with a 30-s interval between stimuli. The right side of each carcass was a NS control. The electrical stimulation and sampling procedures were previously described for these eight animals in Ho et al. (1994) . Myofibrils were prepared from the longissimus muscle ( LM) immediately after stimulation ( 0 d ) and at 1, 3, 7, 14, and 28 d PM by using the method of Fritz et al. (1989) . Muscle samples for TEM also were taken from the LM immediately after stimulation ( 0 d ) and at 1, 3, 7, 14, and 28 d PM. Thin strips of muscle were cut parallel to the longitudinal fiber axis and were isometrically clamped before the ends of the strips were severed. Tissue samples were doubly fixed in Karnovsky's fixative (Karnovsky, 1965) at 2°C for 3 h and then in 1% osmium tetroxide for 1.5 h. Dehydration in graded acetones was followed by embedding in Epon-Araldite resin. Two blocks were selected at random from each sample for sectioning. Thin sections were mounted on 300-mesh grids and were positively stained with methanolic uranyl acetate and Reynold's lead citrate (Stromer and Bendayan, 1988) . All sections were examined at 80 kV in a JEOL JEM-100CXII electron microscope. Images were recorded on Kodak SO-163 electron image film. The frequency of I-band fractures was determined by counting, in alternate rows of grid openings, both the total number of myofibrils and the total number of each fracture type in sections that covered 15 to 20 grid openings per grid. Two grids were counted per sample treatment and time for each animal. Frequencies reported are averages over all animals for each treatment and sampling time. Statistical analysis was done by using the GLM (General Linear Model) procedure of SAS (1993) . Sarcomere lengths were measured on at least eight randomly selected negatives from each sample. Length of sarcomeres in CN and stretched sarcomeres adjacent to CN were not included in the average sarcomere length for each sample. Sarcomere lengths in these two regions were measured and reported separately.
Preparation of Selected Myofibrillar Proteins Used as Markers/Standards
Titin and nebulin were prepared from bovine LM and were purified by the methods of Wang (1982) and Wang and Wright (1988) . Myosin, desmin, tropomyosin and troponin-T, -I, and -C standards were prepared as we previously described (Ho et al., 1994) .
SDS-PAGE Analysis
Three gel systems were used to analyze both NS and ES muscle samples in order to resolve proteins that varied widely in molecular mass: 1 ) an 8% Trisglycine slab gel ( 8 cm high × 10 cm wide × 1.5 mm thick) (acrylamide:N, N′-methylenebisacrylamide = 200:1, wt/wt) with a 2.57% stacking gel (acrylamide: N, N′-methylenebisacrylamide = 5.7:1, wt/wt) was run at 8 mA for 6 h and was used to detect PM changes in titin and nebulin; 2 ) an 18% Tris-glycine slab gel (16 cm high × 18 cm wide × 1.5 mm thick) (acrylamide:N, N′-methylenebisacrylamide = 100:1, wt/wt) with a 5% stacking gel (acrylamide:N, N′-methylenebisacrylamide = 37:1, wt/wt) was run at 10 mA for 17 h and was used to monitor the titin and nebulin degradation products, which migrate faster than myosin heavy chain ( MHC) ; 3 ) a 15% Tris-glycine slab gel (16 cm high × 18 cm wide × 1.5 mm thick) with a 5% stacking gel (both with an acrylamide:N, N′-methylenebisacrylamide = 37:1, wt/wt) was run at 10 mA for 17 h and was used to detect desmin and a-actinin degradation (Laemmli, 1970; Fritz et al., 1989) .
Western Blot Analysis
Proteins were transferred from the slab gel to a polyvinylidene fluoride ( PVDF) membrane (Immobilon-P, Millipore, Bedford, MA) by a wet transfer method (Towbin et al., 1979; Ho et al., 1994) . After transfer, the membrane was incubated in a 5% (wt/ vol) bovine serum albumin-phosphate buffer solution ( BSA-PBS) for 30 min at 37°C and then washed three times in a .1% (wt/vol) BSA-PBS solution for 5 min at 25°C. A monoclonal antibody ( mAb) to titin, 9D10 (Greaser antibody, Developmental Studies Hybridoma Bank) and monospecific polyclonal antibodies ( pAb) to bovine a-actinin and bovine skeletal muscle desmin were used as primary antibodies. Each membrane was incubated with a primary antibody for 2 h at 25°C and then washed three times in .1% (wt/ vol) BSA-PBS for 5 min. Incubation with the immunogold-labeled second antibody was done for 2 h at 25°C. After immunogold labeling, membranes were washed twice in .1% (wt/vol) BSA-PBS for 5 min each, twice in deionized water for 1 min each, and were silver-enhanced by the method of Moeremans et al. (1989) . Myofibril samples (NS and ES) were prepared from all eight animals, and all samples were examined by both SDS-PAGE and Western blotting with regard to overall qualitative differences (i.e., no attempt was made to quantify the amount of a given protein band or degradation product, only visual observation of relative intensity or complete absence of a band was used to determine the values in Table 1 .
Results
The days on which protein changes occurred are shown for each animal by treatment in Table 1 . All SDS-PAGE gels and Western blots shown herein are from animal number six.
Titin
SDS-PAGE analysis of both NS and ES samples with an 8% gel (Figure 1a, b ) showed that three closely spaced titin bands are present at 0 d. The slowest migrating band is T1 (intact titin) and the fastest band is T2 ( a major, ∼2,400-kDa degradation product of titin; Robson et al., 1991) . The band migrating between T1 and T2 has been referred to as T1-2, and also may be a transient degradation product of titin (Huff-Lonergan et al., 1995) . The titin standard consists predominantly of T1 with a lesser amount of the faster migrating T1-2. The T1 band decreases slightly faster in ES samples from five animals (1, 2, 3, 6, and 7 ) and disappears by either 3 d or 7 d in all but three samples ( 3 NS, 7 NS, and 7 ES) ( Table 1 ). The T2 band increases in amount through 3 d and is still present at 28 d. In NS samples, an ∼1,200-kDa band is present at 0 d and 1 d and is barely detectable by 3 d. In ES samples, the ∼1,200-kDa band decreases slightly faster than in NS samples and is nearly absent by 1 d (cf. Figure 1a and 1b). Examination of 18% gels of both NS and ES samples (Figure 2a, b ) showed that ∼130-and ∼39-kDa bands increase from 3 d to 7 d and remain as prominent bands at 28 d.
A Western blot (Figure 3a , b ) produced by 9D10 labeling of a single PVDF membrane that contained proteins simultaneously transferred from one 18% SDS-PAGE gel shows that a more heavily labeled family of degradation products between MHC and ∼67 kDa is present in the 3-, 7-, 14-, and 28-d ES samples. An ∼39-kDa band that is also labeled by 9D10 is present at 1 d PM, increases by 3 d PM, persists through 28 d PM, and is a more prominent band in the ES samples.
Nebulin
The nebulin band began to decrease slightly sooner in ES samples from four animals (1, 2, 6, and 8 ) and was absent earlier in ES samples from one animal (7, Table 1 
Desmin and α-Actinin
The desmin band began to decrease sooner in intensity in ES samples from two animals ( 3 and 6 ) and was absent earlier in ES samples from one animal (5, Table 1 ) than in the samples from the corresponding NS animals. The desmin band observed by 15% SDS-PAGE of NS samples ( Figure 4a ) also is a light band by 3 d, is not detectable at 7 d, and follows a similar pattern by analysis with 18% SDS-PAGE ( Figure 2a ). In ES samples (Figure 4b ), the desmin band is not detectable by 3 d. In 15% gels ( Figure 4 ) an unidentified prominent band migrates faster than desmin, but in 18% gels (Figure 2 ) a similar band migrates slower than desmin. This unidentified band in each gel system is unaffected by PM storage and stains with Stains-all, which indicates that it is a glycoprotein and(or) a phosphoprotein (Cutting, 1984) . Glycoproteins and(or) phosphoproteins frequently migrate anomalously in SDS-PAGE conditions, e.g., neurofilaments M and H (Kaufmann et al., 1984) and triadin (Knudson et al., 1993a,b) . A pAb to desmin recognized both the desmin band and an ∼43-kDa desmin degradation product in the desminenriched fraction used as the standard in the Western blot from the 15% gel ( Figure 5 ). After 1 d PM, there is a steady decrease in the desmin band until 28 d, when the desmin band can hardly be seen in both NS and ES samples. An ∼38-kDa band is very lightly labeled in NS samples (Figure 5a ) but is present as a more heavily labeled desmin degradation product from 7 to 28 d in ES samples (Figure 5b ). SDS-PAGE (Figures 2a,b and 4a,b) and Western blot ( Figure  6a ,b) analysis of both NS and ES samples indicated that there is little a-actinin change PM.
Troponin-T and Troponin-I
Troponin-T degraded sooner in ES samples from five animals (Table 1, Figure 4 ). There was, however, little or no affect of ES on the migration distance of troponin-I into the gel (Table 1, Figure 4 ). Troponin-I is degraded in PM muscle as indicated by increased migration distances seen in 14-or 28-d samples. wider, are amorphous with more irregular edges, are less dense and often have 2 to 5 gaps in a typical Zline (results not shown).
Ultrastructural Changes in Nonstimulated and
In addition to these characteristic PM changes in Zline structure, three types of I-band fractures were observed adjacent to Z-lines. The frequency of these I- band fractures was influenced by both ES and storage time (Table 2) . Narrow I-band fractures (Figure 8b ), ranging from .1 mm to .8 mm wide and involving 1 to 6 contiguous myofibrils, are present in 1.8% of 1-d NS myofibrils and in 7.2% of ES myofibrils. These fractures in 1-d samples are spanned by a few filaments that have diameters less than or equal to the diameter of thin filaments. At 3 d PM, narrow Iband fractures can be detected in 5.8% of myofibrils in NS samples and in 9.5% of myofibrils in ES samples. At 7 d PM, narrow I-band fractures, with or without filaments spanning the fracture zone, were observed in 6.5% of the myofibrils in NS samples and in 11.3% of myofibrils in ES samples. At 14 d PM, narrow I- (Figure 8c) , ranging from .8 to 3.5 mm wide and involving 3 to 12 contiguous myofibrils, nor wide Iband fractures (Figure 8d 
Discussion
Effect of Electrical Stimulation on Degradation of Titin, Nebulin, α-Actinin, and Desmin During Postmortem Storage
Several investigators (e.g., Dransfield, 1992; Dransfield et al., 1992; Koohmaraie, 1992; Uytterhaegen et al., 1994) have suggested that m-calpain activity in PM muscle causes many of the proteolytic alterations in key structural proteins and that this, in turn, is related to tenderization. It also has been suggested that one of the effects of ES is to increase the amount of proteolytic enzyme activity in bovine muscle (Dransfield, 1992; Dransfield et al., 1992; Smulders and van Laack, 1992; Uytterhaegen et al., 1992) . One objective of our experiments was to determine the effect of ES on proteins believed to be involved in muscle integrity. Reports from several laboratories have indicated that titin was degraded during PM storage (Lusby et al., 1983; Bandman and Zdanis, 1988; Fritz and Greaser, 1991; Huff-Lonergan et al., 1995; Taylor et al., 1995) . Association of the degree of titin degradation with increasing meat tenderness has been reported by Paterson and Parrish (1987) and Huff-Lonergan et al. (1995) ; however, Fritz et al. (1993) found no relationship between titin content on SDS gels and tenderness. Our SDS-PAGE results showed that the T1 band of titin degraded during PM storage, and that for five of the eight animals studied, the degradation rate was slightly faster in ES than in NS samples. The T2 titin band increased in amount and was still present at 28 d in both ES and NS samples (Figure 1a,b) . The small amount of the ∼1,200-kDa band (Figure 1b) , reported to be a fragment of T1 as described by Takahashi et al. (1992) , is also, in turn, further degraded slightly faster in ES samples from six animals. However, ES does not accelerate the appearance of either a 130-or a 39-kDa band (cf. Figure 2a and b) . The source of the 130-kDa band is not known, but it is possible that the 130-kDa band is a fragment of higher molecular weight proteins such as titin, nebulin or Mline components.
Western blots labeled with mAb 9D10 show that a large family of degradation products (below MHC to 22-kDa) is labeled (Figure 3a, b) , one of which is a 39-kDa band that increases during the first 7 d PM. The 39-kDa band, which migrates slightly faster than actin, has previously been hypothesized to be creatine phosphokinase (Pommier et al., 1987) and seemingly was identified as a 43-kDa peptide by Uytterhaegen et al. (1992) . Lusby et al. (1983) , Locker and Wild (1984) , and Fritz and Greaser (1991) have reported that nebulin degrades somewhat faster than titin in PM bovine muscle. The intact nebulin band in SDS-PAGE (Figure 1 ) decreases slightly faster in ES than in NS samples from five animals ( Table 1) . Intact nebulin disappears either at the same time (six animals) or slightly faster (two animals) than titin in NS samples (Table 1) .
Because desmin constitutes <1% by weight of myofibrillar protein in skeletal muscle, it is seen as a very minor band on SDS-PAGE even in 0-d samples and in samples taken 1 and 3 d PM (Figure 4) . To determine whether intact desmin persisted throughout the sampling period and whether desmin was affected by ES, it was necessary also to use Western blots as a detection system ( Figure 5 ). The intact desmin band decreased at comparable rates in NS and ES samples with little or no intact desmin present at 14 or 28 d (Table 1) . A 38-kDa band that was first recognized by the antibody in the 7-d samples was consistently more heavily labeled in the 7-, 14-, and 28-d PM ES samples than in the NS samples. The intensity of the labeling of this band in the ES samples suggests that desmin is degraded more rapidly in ES samples than in NS samples. Our blot results with the pAb are consistent with those of Hwan and Bandman (1989) , who reported that desmin fragments existed by 4 d in muscle stored at 4°C, and that little intact desmin remained at 3 wk PM. In both SDS-PAGE and Western blots, the amount of intact a-actinin does not change in NS or ES samples during PM storage, which is consistent with the results of Stromer et al. (1974) and Uytterhaegen et al. (1992) . This also is consistent with the results of Goll et al. (1991) , who showed that calpain digestion of myofibrils releases intact aactinin. Our observation that ES caused earlier PM degradation of troponin-T in five animals supports our previous report (Ho et al., 1994) that ES caused earlier degradation of troponin-T.
Effect of Electrical Stimulation on Ultrastructural Changes During Postmortem Storage
Electrical stimulation improves meat tenderness (Savell et al., 1977) and has been hypothesized to do so by preventing cold-shorting (Takahashi et al., 1984) , by producing fractures and breaks in muscle fibers (Savell et al., 1978; Takahashi et al., 1987) , by producing an intermediate rate of glycolysis (Smulders et al., 1990) , or by a combination of these factors (for review, see Smulders and van Laack, 1992) . Seven animals had prominent CN immediately after stimulation (Figure 7b ). These CN consisted of 2 to 10 highly contracted sarcomeres per myofibril similar to those described by Savell et al. (1978) and Sorinmade et al. (1982) . George et al. (1980) , however, suggested, on the basis of histological examination, that the formation of CN was due to denaturation of sarcoplasmic proteins and not to muscle fiber contraction or disruption. The observation by George et al. (1980) that CN were birefringent in polarized light indicates that CN are sites of accumulation of thick filaments, which are responsible for A-band birefringence in muscle. Our thin, longitudinal sections through a CN clearly show densely packed thick filaments in the CN (Figure 7c ). Muscle from four animals still contained CN at 28 d PM, but three animals had no CN at 1 d PM. Cassens et al. (1963 a,b) also found that CN were absent in porcine muscle at the onset of rigor mortis and 24 h PM and suggested that if the stimulus is not too intense, the process of CN formation is reversible, but when the stimulus is intense, CN are formed before rigor onset, and the formation of CN becomes irreversible. The existence of CN in muscle at 1 d PM has been reported by Savell et al. (1978) and Takahashi et al. (1987) , at 2 d PM by Sorinmade et al. (1982) , at 4 d PM by McKeith et al. (1980) , and at 5 d PM by George et al. (1980) . None of these groups sampled at longer PM time than 5 d, so it is not known whether CN persisted in their samples. Sarcomere lengths in 0-d ES muscle CN were 44% of rest length sarcomeres in control muscle, but stretched sarcomeres adjacent to a CN within the same myofibril were 128% of rest length sarcomeres. At 1 d PM, there was little difference in sarcomere length between NS and ES muscle samples. Although Savell et al. (1978) and Uytterhaegen et al. (1992) both reported that ES had no effect on sarcomere length in 20 to 24 h PM muscle samples, sarcomeres were measured by Savell et al. (1978) in isolated myofibrils and by Uytterhaegen et al. (1992) in ground muscle samples. Because of the very different sample preparation techniques, comparisons with our data are, at best, problematic.
Alterations near, or changes in, Z-lines and increased intermyofibrillar spaces with the loss of lateral attachments between Z-lines of adjacent myofibrils during PM storage reported here are consistent with previous observations on bovine muscle (Stromer et al., 1967; Gilbert, 1967, 1969; Davey and Dickson, 1970; Henderson et al., 1970; Sorinmade et al., 1982) . Our results also showed that Z-lines were no longer continuous structures by 1 d (Figure 8a-1) , and many became amorphous by 3 d (Figure 8a-2) . Taylor et al. (1995) , however, reported that Z-lines remained almost unchanged ultrastructurally after 16 d PM. It is possible that the section thickness, the staining method, and the relatively low magnification chosen by Taylor et al. (1995) may have obscured important ultrastructural changes in Zline structure in their samples. The extent or rate of progression of Z-line changes per se and the development of intermyofibrillar spaces were very similar in NS and ES samples.
Fractures in the I-band adjacent to the Z-line result in Z-lines still attached to thin filaments on one side of the fracture. I-band fractures adjacent to the Z-line have also been noted by Taylor et al (1995) in nonhomogenized bovine biceps femoris muscle that was stored 4 d or longer at 4°C and in homogenized bovine biceps muscle used for determining the myofibrillar fragmentation index. Davey and Dickson (1970) also reported that breaking at the I-band/Z-line junction and occasionally at the edge of the A-band occurred in bovine muscle during aging. Ouali (1990) described Iband fractures in bovine muscle after 15 d PM as being mainly at the N 2 line, but occasionally near the A-I junction. These observations suggest that the Iband adjacent to the Z-line is a structurally labile site. We characterized these fractures as narrow, intermediate, or wide, depending on the axial width of the fracture. The frequency of these fractures is affected by ES and by time PM. Narrow fractures occur at 1 d PM in both NS and ES samples but with significantly ( P < .05) greater frequency at 1, 3, and 7 d PM in ES samples. The frequency of narrow fractures in ES muscle gradually increases from 7.2% at 1 d PM to 14% at 28 d PM. Intermediate and wide I-band fractures are seen sooner PM and with greater frequency in ES samples. Taylor et al. (1995) suggested that degradation of titin and nebulin may contribute to the increased I-band fractures during PM storage. Our results also indicated that the disappearance of T1 and nebulin are closely related temporally to the appearance of both intermediate and wide I-band fractures. In NS samples, T1 and intact nebulin (Figure 1a ) disappeared at 7 d, and concomitantly both intermediate and wide I-band fractures were first seen at 7 d. In ES samples, T1 and nebulin ( Figure 1b) were nearly gone at 3 d, and both types of I-band fractures also appeared earlier at 3 d. Despite the uncertainty of the causative agent(s), the progressive increase in both I-band fracture frequency and width in ES samples compared with NS samples and during PM storage suggests that these fractures may contribute to improved tenderness. Because we have observed major ultrastructural changes both inside the Z-line and beside it, we believe it may be premature to conclude that only those changes near the Z-line are important (Taylor et al., 1995) . It seems reasonable to us that alterations occurring in the Z-line itself (e.g., degradation or loss of function of Z-line components), which are many , may release titin and(or) nebulin from their Zline attachment sites and cause the fractures.
From our results, we conclude that titin, nebulin, and desmin, but not a-actinin, are degraded PM. Our data show that titin and nebulin are degraded much more rapidly in PM muscle than desmin or troponin-T and that nebulin may be degraded more rapidly than titin. Although treatment effects on PM proteolysis varied somewhat among animals, analysis by SDS-PAGE showed accelerated degradation of titin, nebulin, and troponin-T in ES samples from five animals. Western blots showed that ES enhanced the degradation of desmin in three animals and had no detectable affect in the other animals. Electrical stimulation produced CN and variable sarcomere lengths in 0-d samples. Electrical stimulation also increased the frequency of I-band fractures in ES muscle samples. Wide I-band fractures adjacent to the Z-line were seen sooner PM in ES than in NS bovine muscle. Degradation of Z-lines occurred at similar rates in NS and ES samples. Formation of both I-band fractures and CN are the two principal structural alterations caused by ES.
Implications
One result of electrical stimulation is an increase in meat tenderness. We have shown that electrical stimulation slightly accelerates the degradation of the cytoskeletal proteins titin and nebulin in postmortem muscle. We also found that electrical stimulation increased the frequency of three types of myofibrillar I-band fractures (narrow, intermediate, and wide) and caused wide I-band fractures to appear sooner postmortem. Electrical stimulation may improve meat tenderness by a combination of mechanical disruption and enhanced proteolysis, but mechanical disruption seems to be the predominant mechanism.
